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The effect of a pre-strain on the plasticity of copper single crystals subjected to in situ microshear
deformation in a scanning electron microscope (SEM) is investigated. Pre-strains of 6.5 and 20% are
imposed using [1 0 0] tensile testing. During tensile pre-deformation, several slip systems are activated
and irregularly spaced slip bands form. A trace analysis revealed the presence of several slip bands on the
tensile specimen near the grips while one family of slip bands parallel to the (111) crystallographic plane
were detected in the middle of the tensile specimen. From the middle of the pre-deformed tensile
specimens double microshear samples were prepared using focused ion beam (FIB) machining such that
the [0 -1 -1] (1 -1 1) slip system could be directly activated. The results show how microshear behavior
reacts to different levels of tensile pre-deformation. Sudden deformation events (SDEs) are observed
during microshear testing. The critical stress associated with the ﬁrst SDE is shown to increase with
increasing pre-deformation as a result of an increasing number of slip bands introduced during pre-
deformation per shear zone. The results allow also to obtain information on the interaction between
dislocations activated during microshearing ([0 -1 -1] (1 -1 1)) and those which were introduced during
tensile pre-deformation ([1 0 -1] (1 1 1) and [1 -1 0] (1 1 1)). When these slip systems interact glissile
junctions and Lomer-Cottrell locks are likely to form. In the light of this analysis, we rationalize the
occurrence of sudden deformation events based on piled up dislocation assemblies which overcome
Lomer-Cottrell lock barriers.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The plastic deformation of metallic materials is a ﬁeld of utmost
importance in materials science and engineering. It was one of the
central topics when materials science emerged as a new research
and educational area in the last century. Basic elements of me-
chanical testing, dislocation theory and evolution of microstructure
during plastic deformation have been published in overview arti-
cles and text books (e.g. Refs. [1e17]). Concepts like dislocation
plasticity, thermal activation of plastic deformation, strain hard-
ening and particle strengthening evolved early on. They are still
under discussion today, where progress is related to new de-
velopments in the ﬁelds of scale bridging materials modelling and
characterization and mechanical testing on small length scales. The
testing of small specimens, which allows to characterize small
materials volumes and to study size effects, has evolved into aczorek).
lsevier Ltd. This is an open accesspopular research topic (e.g. Refs. [18e23]).
Four micromechanical test techniques have received strong
attention in the literature: nanoindentation [24,25], micropillar
compression testing [26e29], microtensile testing [30e32] and
microbending [33e35]. These techniques have been used in situ in
scanning and in the transmission electron microscopes (SEM and
TEM) [36e44]. Microshear testing has received less attention, even
though it is an attractive test technique for two reasons [45e47].
First, from a fundamental point of view, it allows to directly activate
speciﬁc crystallographic slip systems. Second, it represents a simple
case of multiaxial loading (s1 ¼ -s3, s2 ¼ 0) and this is interesting
for small scale materials engineering where test procedures are
required which allow to assess reference stress procedures.
Recently, an in situ SEM microshear test technique was developed
[48,49] in order to study the deformation of gold single crystals
[49]. It was shown that microshear testing of gold single crystals in
the crystallographic 〈0 1 -1〉 {1 1 1} shear system does not result in
signiﬁcant strain hardening, even for large shear displacements.
The objective of the present work is to ﬁnd out how strainarticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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uniaxial tensile pre-deformations are imposed to induce different
levels of pre-deformation. Subsequently, in situ SEM microshear
tests are performed to establish how the pre-straining affects
microshear in the 〈0 1 -1〉 {1 1 1} shear system. The results are
discussed in the light of previous ﬁndings on strain hardening of
metals. Underlying dislocation mechanisms are analyzed.2. Material and experiments
2.1. Processing and microstructure of copper single crystals
High purity OFHC-Copper (oxygen-free high thermal conduc-
tivity) was melted under Ar-atmosphere using an induction melter
of type PVA TePla AG (type: VSG 010). This material was used to
produce single crystals in a Bridgeman type of process [50]. Fig. 1a
shows a photograph of the cylindric single crystal (highlighted by
orange color) mounted on a goniometer for orientation using the
Laue method. TEMwas used to document the dislocation density inFig. 1. (a) Cu single crystal mounted on goniometer for orientation after tensile
specimens were cut out by spark erosion. (b) Dark ﬁeld scanning transmission electron
micrograph (multiple-beam contrast) of dislocations in Cu single crystal prior to plastic
deformation where we illustrate the procedure used to determine the dislocation
density. For details see text.the as-grown Cu single crystal prior to plastic deformation. TEM
was performed using a FEI Tecnai F20 G2 S-Twin equipped with a
ﬁeld emission gun and operating at 200 kV. TEM samples were
prepared by double jet electropolishing using a TenuPol 5 from
Struers. Good thinning conditions were obtained using the Struers
D2 electrolyte containing ethanol, phosphoric acid and distilled
water at 15 C and under 10 V. A scanning transmission electron
micrograph obtained using a high-angle annular dark ﬁeld detector
(STEM-HAADF) shows themicrostructure of the as-grown Cu single
crystal in Fig. 1b. Several STEMmicrographs were used to assess the
dislocation density using Ham’s method [51]. A black grid was used
to assess the number N of dislocations intersected by the lines of
the grid per unit length. The dislocation density r can then be
calculated using r ¼ 2 N/t, where t is the thickness of the TEM foil.
The value of the dislocation density is (7 ± 2)  1012 m2, that is
signiﬁcantly higher than the value one would expect for annealed
metals, which show typical dislocation densities in the range of 107
to 1011 m2 [52].2.2. Geometry and crystallography of the macroscopic tensile and
microscopic shear specimens
Flat Cu strips as shown in Fig. 2a were prepared for tensile
testing. After the single crystal was oriented using the Lauemethod,
ﬂat strips were cut out using electron discharge machining (EDM)
[53]. Following EDM, the Cu strips were ground using a SiC abrasive
paper (down to a mesh size of 2500) and polished with diamond
suspensions down to 1 mm. Subsequently the Cu specimens were
electropolished at 19 C for 20 s under a voltage of 10 V using an
electrolyte consisting of distilled water, ethanol and phosphoric
acid (1:1:1). The length, width and thickness of the strips are 25, 3,
and 1mm, respectively. For further referencewe deﬁne three axis 1,
2, and 3 as shown at the lower left of Fig. 2a. These three axis point
into the crystallographic directions [1 0 0], [0 1 1] and [0 -1 1] (see
upper left of Fig. 2a). Fig. 2a also illustrates, that the crystallographic
[1 -11] direction (which is perpendicular to [0 11]) forms an angle
of 54 with the [1 0 0] direction.
The small black rectangle in the center of the Cu strip shows the
location from where microshear specimens were FIB-machined
using a workstation of type Quanta 200 3D from FEI. Microshear
specimens as shown in Fig. 2b were prepared which allow to
directly activate the crystallographic [0 -1 -1] (1 -1 1) slip system,
following the same procedure as recently applied for Au single
crystals [49]. We deﬁne a second coordinate systemwith the axis X,
Y and Z which point into the crystallographic [2 1 -1], [1 -1 1] and
[0 -1 -1] directions. The objective of the present study was to
establish this geometry. However, due to lattice rotations occurring
during pre-deformation, deviations from these orientations
occurred which were documented using orientation imaging
scanning electron microscopy (OIM) in a SEM of type LEO Gemini
1530 VP from Zeiss equipped with an electron backscattered
diffraction (EBSD) system from TSL. Lattice rotations of up to 8
were detected. These were considered in the calculations of
resolved shear stresses (where they had no signiﬁcant effect), see
Appendix A. For clarity, Fig. 2c shows a schematic drawing of the
microshear specimen geometry, which speciﬁes the geometry of
the shear zones (8  2  3 mm3) and the loading direction (grey
arrow pointing down). The two shear zones (dashed volumes in
Fig. 2c), which are connected to the single crystalline base material,
deform in parallel. It is important to highlight that during micro-
shear testing, the shear planes are of type {111} (in Fig. 2b: (1 -11))
and the shear directions are of type 〈0 1 1〉 (in Fig. 2b: [0 -1 -1]).
Fig. 2. Geometries, reference systems and crystallographic orientations. (a) Flat tensile specimen. (b) Double microshear specimen FIB-machined from ﬂat tensile specimen.
(c) Schematic illustration of double shear specimen geometry and shear loading. For details see text.
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distributions
Tensile pre-deformations were imposed in a miniature 10 kN
tensile test rig from Kammrath &Weiss GmbH, Dortmund, Fig. 3a.
The Cu strip, which is ﬁxed to the loading grips is shown at a higher
magniﬁcation on the right of Fig. 3a. The pattern which can be seen
in the magniﬁed image was sprayed onto the ﬂat strip surface to
facilitate the measurement of local strains by means of digital im-
age correlation (DIC). Tensile pre-deformation was performed at a
strain rate of 4  104 s1. A resulting stress-strain curve is shown
in Fig. 3b where the tensile yield stress is deﬁned as the ﬁrst sig-
niﬁcant deviation from the elastic stage which is in the present case
around 60 MPa. The DIC system tracks the characteristic features of
the random speckle pattern and evaluates displacement vectors
and calculates associated strain ﬁelds. Fig. 3c reveals a heteroge-
neous strain distribution after tensile testing. Close to the grips the
(color coded) orange area corresponds to strains around 10%. As can
be seen in Fig. 3c, strains are homogeneous in the central part of the
gauge length, where the green area corresponds to a strain value of
6.5%. Microshear specimens were FIB micro-machined at the
location highlighted by the black rectangle in the middle of Fig. 3c.
Fig. 3d shows optical micrographs of the deformation microstruc-
tures at different positions of the gauge length. For a more detailed
analysis of the strain distribution in the area of interest DIC line
scans along a vertical (fromy1 to y2) and a horizontal (from x1 to x2)
reference line in Fig. 3c are performed. The scans along these lines
(Fig. 3e and f) show that the local strains are homogeneous in the
regions fromwhere microshear specimens were machined (shaded
in grey in Fig. 3e and f). In the present study two Cu strips were
subjected to tensile pre-deformations. Material states correspond-
ing to the state prior to deformation and to strain levels 6.5 (Fig. 3c)
and 20% are investigated.
2.4. Slip trace analysis after tensile testing
According to dislocation theory, precise 〈1 0 0〉 loading should
result in the activation of eight independent crystallographic slip
systems (four slip planes) which operate under the same resolvedshear stress [e.g. 2, 6, 10], see Appendix A. It is well known from the
literature that copper single crystals can exhibit a heterogeneous
deformation behavior [54]. Therefore an effort was made in the
present study to characterize the entire surface of the deformed
tensile specimens by optical microscopy. For clarity the slip traces
which formed during tensile pre-deformation are indicated by
dashed black lines in Fig. 3d. The analysis revealed the presence of
several slip traces close to the grips (see micrographs at the top and
at the bottom in Fig. 3d) while only one slip trace was observed in
themiddle of the specimen, seemicrograph in themiddle of Fig. 3d.
These observations are in good agreement with our DIC results (see
Fig. 3c) which show the presence of larger local strains close to the
grips. Since the dislocation microstructure near the grips is com-
plex, specimens were FIB-micromachined from regions where only
one family of slip planes was observed.
In order to identify the slip plane which was activated in the
middle of the tensile specimen during tensile pre-deformation, a
trace analysis was carried out on the (0 11) and (0 1 -1) surfaces of
the Cu single crystal, see Fig. 2a. The (0 1 -1) surfaces of the tensile
specimen after 6.5 and 20% tensile strain are shown in Fig. 4a and c.
The (0 11) surfaces of the tensile specimen after 6.5 and 20% tensile
strain are presented in Fig. 4b and d. The surfaces, where the in-
vestigations were performed, are highlighted in grey in the lower
left of the four SEM images in Fig. 4. The common edges between
the two areas of observations in Fig. 4a and b and in Fig. 4c and d are
marked with thick dashed black lines. After tensile testing, one set
of parallel traces was observed on the (0 1 -1) and (0 1 1) surfaces,
see Fig. 4. These traces represent the intersections of one slip plane
with the specimen surface. To identify this plane, ﬁrst we deﬁne a
sample coordinate systemwith axis 1 (tensile axis), 2, and 3. These
axis are parallel to the edges of the tensile specimen, see Fig. 2a.
Second, we measure two angles q1 and q2 on the surfaces perpen-
dicular to axis 3 and 2. The angle q1 deﬁnes the angle between slip
traces and axis 1 on the surface which is perpendicular to axis 3.
Similarly, q2 is deﬁned as the angle between a slip trace and axis 3
on the surface which is normal to axis 2. The angle q1 decreases
slightly from 35 to 33 when the pre-strain increases from 6.5 to
20%, Fig. 4a and c. The angle q2 increases from 9 for a pre-strain of
6.5%e15 for a pre-strain of 20%, Fig. 4b and d. Third, we can
Fig. 3. Tensile test procedure. (a) Miniature tensile test rig and tensile specimen with speckle pattern. (b) Stress-strain curve. (c) Color coded local strain distributions after tensile
testing. (d) Optical micrographs taken at different locations of the tensile specimen. (e) Strain distribution along the vertical reference line (from y1 to y2) in Fig. 3c. (f) Strain
distribution along the horizontal reference line (from x1 to x2) in Fig. 3c. For details see text.
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calculated angles, which are obtained considering the real crystal
orientation measured by EBSD. EBSD yields the crystallographic
orientations of the axis 1, 2 and 3. For any given orientation of the
crystal we can calculate the crystallographic directions of the in-
tersections of all possible slip planes with the specimen surface and
calculate the corresponding angles q1* and q2*. The resulting set of q1*
and q2* is presented in Table 1. We now compare the slip trace data
(q1 (33e35) and q2 (9e15)) with the calculated values listed inTable 1. Only the ﬁrst three slip systems, highlighted in grey, yield
results which rationalize the slip trace data (q1* (33) and q2* (8)). It
is easy to calculate the Schmid factors for these three slip systems,
see Appendix A. The results allow to conclude that it is unlikely that
the slip system with a low Schmid factor of 0.05 in Table 1 (high-
lighted in light grey) accounts for the slip traces in Fig. 4. These are
most likely related with the slip systems which are listed in the
second and third row of Table 1 (highlighted in darker grey).
Slip line distances were measured using a line intersection
Fig. 4. SEM images of slip traces. Lower left of all images: black arrows highlight view directions. Dashed black lines highlight the common edge between the investigated
surfaces of the ﬂat tensile specimens. Top of all SEM images: orthogonal reference system with axis 1, 2 and 3. Figs. 4a and c: black arrows are parallel to axis 3 of reference
systems. Figs. 4b and 4d: black arrows are parallel to axis 2 of reference systems. q1 in Figs. 4a and 4c: angle between the slip traces and axis 1. q2 in Figs. 4b and 4d: angle
between the slip traces and axis 3. For details see text.
Table 1
Analytical calculations for the twelve slip systems of the Schmid factors for tensile
pre-deformation with a tensile axis along the [0.99 0.04e0.09] crystallographic di-
rection and analytical calculations of the angles q1* between the traces of the slip
planes on the (0.09e0.69 0.72) plane (close to (0 -1 1)) and the [0.99 0.04e0.09]
crystallographic direction (close to [1 0 0]), q2* between the traces of the slip planes
on the (0.04 0.72 0.69) plane (close to (0 1 1)) and the [0.09 0.69e0.72] crystallo-
graphic direction (close to [0 1 -1]).
Slip plane Burgers vector q*1 (
) q*2 () Schmid factor
(1 1 1) [0 1 -1] 33 8 0.05
(1 1 1) [1 0 -1] 33 8 0.42
(1 1 1) [1 -1 0] 33 8 0.37
(1 -1 -1) [1 1 0] 143 3 0.44
(1 -1 -1) [0 1 -1] 143 3 0.06
(1 -1 -1) [1 0 1] 143 3 0.39
(1 1 -1) [1 -1 0] 86 50 0.44
(1 1 -1) [0 -1 -1] 86 50 0.03
(1 1 -1) [1 0 1] 86 50 0.41
(1 -1 1) [1 1 0] 90 60 0.36
(1 -1 1) [1 0 -1] 90 60 0.38
(1 -1 1) [0 -1 -1] 90 60 0.02
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line segments in Fig. 4a and c illustrate how individual slip line
spacings DiSL were measured. In the present work we measure 570
(6.5% pre-deformation) and 1045 (20% pre-deformation) individual
slip line spacings.2.5. In situ microshear testing
For microshear testing, an in situ nanomechanical test system of
type ASMEC UNAT-SEM 2 was used within a FEG SEM of type
Quanta 650 from FEI, as described in Ref. [49]. Loads were applied
by pushing a ﬂat punch indenter with a tip diameter of D ¼ 5 mm
onto the central loading grip of the double shear test region, Fig. 2c.
As usual, loads F and displacements h are measured and directly
presented as shear stresses (t ¼ F = AShear) and shear strains
(g ¼ h = w), where AShear is the total shear area (3  8 mm2) and w
represents the widths of the two shear zones (2 mm), see Fig. 2c. For
our test conditions, a displacement rate of 100 nm s1 corresponds
to a shear rate of 5  102 s1. In the present study, 12 microshear
experiments were performed. Maximum shear displacements be-
tween 1.7 and 3.2 mm were established, corresponding to shear
strains between 0.7 and 1.3. An overview of all test conditions is
given in Table 2.
3. Results
3.1. Tensile pre-deformation
One of the stress-strain curves recorded during 〈1 0 0〉 tensile
pre-deformation is presented in Fig. 3. The response of the Cu single
crystals to tensile loading is reproducible. Fig. 5 shows the results of
the slip plane spacings, which were determined as described in
Fig. 4a and c of section 2.4. The results are presented as histograms,
Table 2
Overview of 12 microshear experiments that were performed in this study.
Shear sample Pre-strain (%) Max. displacement hmax (mm) Max. shearing gmax () Yield shear stress ty (MPa) Shear stress tSDE (MPa)
S1 0 1.7 0.73 58 98
S2 0 2.4 0.99 64 90
S3 0 2.2 0.90 61 89
S4 0 2.4 1.03 52 84
S5 6.5 1.9 0.83 65 97
S6 6.5 2.8 1.18 81 125
S7 6.5 2.5 1.01 61 110
S8 6.5 2.5 1.02 74 93
S9 6.5 3.1 1.23 72 121
S10 20 2.1 0.88 75 133
S11 20 3.2 1.37 76 138
S12 20 2.8 1.15 77 126
Fig. 5. Slip line spacings and shear zone geometry. Distribution of slip trace spacings presented in a histogram after (a) 6.5% and (b) 20% tensile pre-deformation. (c) Illustration of the
geometric parameter D*SL ¼ 7.7 mm (for details see text). (d) Schematic illustration of how slip systems intersect shear zones for average slip trace spacings of D
6:5%
SL and D
20%
SL .
N. Wieczorek et al. / Acta Materialia 113 (2016) 320e334 325where the relative frequency of slip trace spacings (in %) is plotted
as a function of the corresponding spacings, Fig. 5a and b. Fig. 5a
and b shows the results for tensile pre-deformations of 6.5 and 20%,
respectively. The vertical red and blue dashed lines indicate the
average slip trace spacing. For tensile pre-deformations of 6.5 and
20% the values are D
6:5%
SL ¼ 5.2 ± 3.4 mm and D
20%
SL ¼ 1.6 ± 0.9 mm,
respectively. The objective of the present study is to investigate the
inﬂuence of a tensile pre-deformation on in situ microshear tests.
Therefore it is important to relate the slip trace spacings (which
result from tensile pre-deformation) to the geometry of the
microshear specimens which are micro-machined from the pre-
deformed material states. Most importantly, in order to assess the
probability of intersections between slip traces and shear zones, it
is helpful to consider the parameter D*SL. Fig. 5c shows that thisparameter, which yields a distance D*SL ¼ 7.7 mm helps to assess the
probability for an intersection between localized slip bands (which
form during tensile pre-deformation) and the shear zones of our
double microshear specimen. For a scenario where the tensile slip
bands spare the shear zones, a minimum spacing of D*SL ¼ 7.7 mm is
required, see Fig. 5c. This D*SL-value is also shown in Fig. 5a and b.
Therefore the probability for at least one intersections of slip bands
with the shear zones is 82% for a tensile pre-deformation of 6.5%
and 100% for a tensile pre-deformation of 20%. In case that at least
two slip bands intersect the shear zones the probability is 48% for a
tensile pre-deformation of 6.5% and 97% for a tensile pre-
deformation of 20%. Fig. 5d shows a 3D illustration of how slip
systems intersect shear zones, assuming that the average slip trace
distances D
6:5%
SL and D
20%
SL are established.
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deformation events
Fig. 6 shows the stress-strain curve together with different
deformation stages of a representative in situ microshear test. Five
different stages of deformation (b to f) are marked along the stress-
strain curve in Fig. 6a. The corresponding deformation states are
presented in Fig. 6bef. The white dashed lines highlight slip traces
of the type described in Fig. 4. At position b in Fig. 6a, at least one of
the shear zones has yielded. The small elastic shear strains cannot
be recognized in Fig. 6b. As we move along the stress-strain curve
from position b to c in Fig. 6a, irreversible deformation takes place.
But at this stage it is still difﬁcult to recognize any macroscopic
shape change in the shear system, Fig. 6c. This change becomes
apparent as we deform from c to d in Fig. 6a. During this defor-
mation interval, two shear steps appear in the right shear zone
(highlighted by two white arrows). As we deform further, from
position d to e in Fig. 6a, the heights of the two shear steps in the
right shear zone increases. The left shear zone, which deforms in
parallel, shows no shear step yet. However, shortly after position e
in Fig. 6a, we observe a sudden deformation event (SDE) which is
associated with a shear interval of 0.25. This SDE is associated withFig. 6. In situ SEM microshear experiment. (a) Shear stress-shear strain curve. Two characte
are marked on the stress-strain curve. (bef) SEM images which show the double shear sp
(e) g ¼ 0.23 and (f) g ¼ 0.51.the appearance of two new shear steps in the left shear zone and a
large increase of shear in one of the two shear steps in the right
shear zone. Both types of deformation events have been described
in Fig. 6 of [49]. From stress-strain curves like the one shown in
Fig. 6a, we identify two distinct shear stress values. The value ty
deﬁnes the stress where signiﬁcant deviations from the linear
elastic behavior start to occur. From ty on, we observe a nonlinear
increase of shear stress, which ends at the stress value of tSDE,
where a sudden deformation event occurs corresponding to Fig. 6f.
The ty and tSDE values of all experiments performed in the present
study are compiled in Table 2.
3.3. Effect of tensile pre-strain on microshear behavior
Fig. 7 shows the stress-strain curves of the microshear tests
performed in the present study. In Fig. 7a, we present the stress-
strain curves which were measured for the undeformed single
crystal. In Fig. 7b and c we present stress-strain curves which were
obtained after tensile pre-deformations to 6.5 and 20%, respectively.
The results of the test series presented in Fig. 7 show three charac-
teristic features. First, the ty and tSDE values increasewith increasing
pre-strain. This increase is more pronounced for tSDE than for ty,ristic stress values, ty and tSDE, are highlighted. Five deformation stages (b, c, d, e and f)
ecimen after different amounts of shear strain (b) g ¼ 0.05, (c) g ¼ 0.12, (d) g ¼ 0.17,
Fig. 7. Shear stress-shear strain curves for different pre-strains (a) 0%, (b) 6.5% and (c) 20%. For more details see text.
N. Wieczorek et al. / Acta Materialia 113 (2016) 320e334 327Fig. 8. Second, Fig. 7 shows, that with increasing amounts of pre-
strain, the magnitudes of the ﬁrst SDEs increase. Three arrows in
Fig. 7 point to SDE stages after 0, 6.5 and 20% pre-deformation. The
increasing thickness of the arrows indicates an increasing intensity
of the strain burst interval DgSDE associated with the ﬁrst SDEs.
Third, there is little scatter in the levels of the tSDE values after 0 and
20% pre-deformation (in both cases: ± 10 MPa, see Fig. 8). In
contrast, the scatter after 6.5% pre-deformation is high (±46 MPa,
see Fig. 8).
In Fig. 9 we present SEM secondary electron images which show
the initial and ﬁnal states of the microshear experiments. The
amount of tensile pre-deformation is given on the top of Fig. 9. The
positions of pre-existing slip traces which formed during tensile
pre-deformation are indicated by dashed black lines. The upper
row of Fig. 9 shows the shear test regions prior to loading (ﬂat
punch indenter approaching). In the lower row of Fig. 9 we present
the tested regions after deformation (ﬂat punch indenter retreat-
ing). Below Fig. 9 we present the ﬁnal shear deformations. Fig. 9
reveals the formation of steps in the shear zones which indicates
that most of the microshear deformation has been accommodated
by dislocation glide on the [0 -1 -1] (1 -1 1) slip system.
In Fig. 10 we plot the magnitude of sudden shear bursts DgSDE
associated with the ﬁrst SDE as a function of the applied shear
stress tSDE. Clearly, the scatter in Fig. 10 is high. The data in Fig. 10
suggest that strain burst intervals slightly increase with tSDE. Please
note, that the stress-strain curve in Fig. 7c showing a very largeFig. 8. Shear yield stress ty and shear stress prior to the ﬁrst sudden deformation event
tSDE as a function of tensile pre-strain.sudden shear burst (DgSDE > 1) may be an outlier and therefore this
experiment is not taken into account in Fig. 10.
In Fig. 5 we determined the slip band spacing for a pre-
deformation of 6.5 and 20%. Since the experiments were per-
formed in situ, the average number of intersections between the
slip bands and the shear zones in every double shear specimenwas
assessed. In Fig.11we show the shear stress tSDE as a function of the
average number of slip bands per shear zone. The error bars are
shown in the upper left corner of Fig.11. Despite the large error bars
a clear trend can be observed, namely the shear stress tSDE seems to
increase linearly with the number of slip bands in the shear zones.4. Discussion
4.1. Dislocation densities and effect of pre-deformation on
microshear behavior
Livingston has shown that in Cu there is a clear correlation be-
tween dislocation density and yield stress [55], his work has
become text book knowledge [56]. Later Mecking and Kocks [9]
summarized all the work hardening data obtained in copper sin-
gle crystals and polycrystals. These results received considerable
attention because they suggested that the square root dependence
of dislocation density on stress holds for a wide stress range,
spanning over ﬁve orders of magnitude. However, Livingston’s
analysis [55] did not emphasize the localized type of plastic
deformationwhich we observe in Fig. 3c and d of the present study
and which was previously reported by Diehl [54]. According to
Livingston’s analysis [55], the resolved shear stresses of 24 MPa
associated with our tensile pre-deformation experiments (a tensile
yield stress of 60 MPa yields resolved shear stresses of 24 MPa) are
associated with dislocation densities of 1.9  1013 m2. This is in
reasonable agreement with the value of (7 ± 4)  1012 m2 deter-
mined by TEM in the present study. The results of the present work
show that increasing levels of tensile pre-deformation result in
increasing levels of yield stress ty, and of the stress level tSDE, where
sudden deformation events occur, Figs. 7 and 8. This is in line with
what one would generally expect: tensile pre-deformation in-
troduces dislocations which produce Taylor work hardening [1].4.2. Work hardening
At this point it is important to mention that compared to other
small scale geometries (micropillars, microtensile, microbending,
…) our double shear specimen present some advantages and lim-
itations. A speciﬁc crystallographic slip system can be activated and
the deformation is localized within the shear zones. Moreover the
Fig. 9. SEM micrographs documenting shear experiments before (three images in the upper row) and after (three images in the lower row). The tensile pre-deformation and the
ﬁnal shear deformation are given at the top and at the bottom of the ﬁgure, respectively. For details see text.
Fig. 10. Increase of shear burst intervals DgSDE with increasing shear stress tSDE.
Fig. 11. Shear stress tSDE versus number of slip bands per shear zone.
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(shear strains larger than 100%). A limiting aspect is the symmet-
rical setup. This means that the stress-strain curves represent an
average behavior of the two shear zones. It is therefore tedious to
correlate the micromechanical behavior of each individual shear
zone to the microstructural behavior.
In the present double shear experiments, as the two shear zones
deform in parallel, two extreme cases can be considered to describe
the stress-strain behavior beyond the yield stress. (1) The two shear
zones are yielding concomitantly. In this case the work hardening
behavior observed experimentally would represent the average
work hardening response of the two shear zones. (2) One of the
shear zones has yielded while the other deforms elastically. In this
later case, it is however still possible to estimate whether the shear
zone which has yielded work hardens or not. This is illustrated inFig. 12 where one of the shear zone deforms elastically (red dashed
line) while the other shear zone has yielded and does not show any
work hardening (blue dashed curve). The green curve represents
the average behavior which can be calculated using st¼ (s1þ s2)/2.
A comparison of this theoretical curve (green) with a typical
experimental curve (grey) in Fig. 12 clearly shows that the experi-
mental stress is systematically higher than it would be without
work hardening. Therefore we can conclude that in any case ((1) or
(2)) work hardening does occur between ty and tSDE.4.3. Localized plastic deformation and scatter in yield stresses
Figs. 4 and 5 clearly show, that the plastic deformation of Cu
single crystals during tensile pre-deformation is heterogeneous
and that slip line spacings exhibit a wide distribution. For a pre-
Fig. 12. Shear stress-shear strain curves. The dashed lines represent a scenario where
one shear zone deforms elastically (red) while the other has yielded and show no work
hardening (blue). The average mechanical behavior of these two shear zones is shown
in green. The fact that the theoretical curve (green) is systematically below the
experimental curve (grey) clearly indicates that work hardening occurs, for details see
text. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 13. Mechanical analogon which rationalizes stress transfer from a softer (S) to a
harder (H) shear zone after preliminary heterogeneous plastic pre-deformation.
N. Wieczorek et al. / Acta Materialia 113 (2016) 320e334 329strain of 6.5%, the average number of slip bands which intersect
the shear zones can signiﬁcantly vary from one specimen to
another. The effect of the average number of slip bands per shear
zone on the mechanical behavior is shown in Figs. 7b and 11. Two
extreme stress-strain curves are highlighted in Fig. 7b. The red
curve with a low tSDE-value has an average of 1.5 slip bands per
shear zone (one slip band intersects the right shear zone while
two slip bands intersect the left shear zone), see red data point in
Fig. 11. In contrast, an average number of four slip bands per shear
zone results in larger stresses, see green curve in Fig. 7b and green
data point in Fig. 11. This explains the large error bar of tSDE for
6.5% pre-strain (Fig. 8). However, for a pre-strain of 20%, the
average number of slip bands per shear zone varies only from 4 to
5, see Fig. 11. This results in a smaller error bar of tSDE for 20% pre-
strain as shown in Fig. 8. The results obtained in the present work
show that the intersection of shear zones by slip bands results in
strain hardening.4.4. Stress transfer and sudden deformation events
As was described in the previous sections, one can ﬁnd situa-
tions where one of the two shear zone is intersected by more slip
bands than the other. As a result this shear zone shows more strain
hardening. This can result in a stress redistribution between the
two shear zones, as is schematically illustrated in the simpliﬁed
mechanical analogon shown in Fig. 13. As supported by the results
shown in Fig. 11, We assume that the shear zone intersected by the
largest number of slip bands is harder to deform (“H”, slider moves
on a surface with a higher friction coefﬁcient, darker grey level),
while the other is softer (“S”, slider moves on a surface with a lower
friction coefﬁcient, lower grey level). The two sliders, representing
the plastic deformation of each shear zone, started at the same
position, dashed rectangles in Fig. 13. Both shear zones deform in
parallel and must therefore accumulate the same amount of total
strain εt
εt ¼ εHel þ εHpl ¼ εSel þ εSpl (1)
where εel and εpl represent elastic and plastic strains, respectively.Fig. 13 illustrates, that the softer shear zone produces more plastic
strain because it has moved down further) and consequently
transfers stress to the other shear zone (length of the spring
element has increased). Both shear zones must undergo the same
amount of total strain. Therefore, the differences in plastic strains
between the harder shear zone must be compensated by an
equivalent difference of elastic strains. A higher elastic strain is
associated with a higher stress. It seems reasonable to assume that
when a high enough shear stress has built up in the harder shear
zone, a SDE is triggered. In cases where both shear zones undergo
similar amounts of strain hardening, this type of stress transfer is
limited and this results in a small value of DgSDE. In contrast, a large
stress transfer between shear zones can give rise to a larger DgSDE.
As shown in Fig. 10, higher DgSDE values are observed for higher
shear stresses tSDE.4.5. Slip system interaction
The effect of pre-deformation on the mechanical response
during micromechanical testing has received attention in the
literature [31,57e60]. However, few efforts have been made to
study how one group of dislocations (belonging to one or two
speciﬁc slip system/s created during a pre-deformation step, e.g.
tensile pre-deformation) affects another group of dislocations
(belonging to another slip system activated during another sub-
sequent micromechanical deformation step, e.g. microshear
N. Wieczorek et al. / Acta Materialia 113 (2016) 320e334330testing). The results of the present work show that the disloca-
tions which are generated during tensile pre-deformation
represent obstacles for the second families of dislocations,
which govern microshear. It is interesting to analyze the dislo-
cation interactions between the involved slip systems. During
[1 0 0] tensile testing, the [1 0 -1] (1 1 1) and [1 -1 0] (1 1 1) slip
systems were likely activated in the region of tensile specimens
where microshear samples were prepared, (our slip trace anal-
ysis does not allow to distinguish between these two crystallo-
graphic shear systems.) Here we assume that both systems are
activated and that the density of dislocations in both slip systems
increases. In subsequent microshear tests dislocation slip is
promoted on the [0 -1 -1] (1 -1 1) slip system. When dislocations
from the two glide systems which can form during tensile pre-
deformation interact with dislocations from the glide system
which is activated during shear, different reaction products can
form. Different groups experimentally showed that the formation
of dislocation junctions strongly affects strain hardening [61e63].
This was also conﬁrmed by modelers who used 3-D discrete
dynamic dislocations (DDD) simulations to analyze dislocation
interactions [64e68]. In our study the interaction of [1 0 -1] (1 1
1) dislocations (from tensile pre-loading) with [0 -1 -1] (1 -1 1)
microshear dislocations results in the formation of glissile reac-
tion products [69]. These are not expected to contribute signiﬁ-
cantly to work hardening. In contrast, the reaction of [1 -1 0]
(1 1 1) pre-deformation dislocations with [0 -1 -1] (1 -1 1)
microshear dislocations can result in the formation of Lomer-
Cottrell locks [69]. This requires, that ordinary 1/2 〈1 -1 0〉 dis-
locations split up into 1/6 〈1 -2 1〉 and 1/6 〈2 -1 -1〉 Shockley
partials separated by an intrinsic stacking fault. In Fig. 14a we
schematically illustrate a scenario, where two slip systems from
the tensile pre-deformation (green) and the microshear test (red)
interact with each other. During shear testing, the two red partial
dislocations (and the stacking fault in between) glide on the (1 -1
1) plane and approach the green partial dislocations/stacking
fault assembly which has formed during tensile pre-deformation
and which does not experience a high resolved shear stressFig. 14. Full dislocations dissociate into two Shockley partials separated by an intrinsic
stacking fault, i.e. the 1/2 [1 -1 0](1 1 1) full dislocation introduced during tensile pre-
deformation dissociates into the 1/6 [2 -1 -1](111) and 1/6 [1 -2 1](111) partials and
the 1/2 [0 11](1 -1 1) full dislocation which glides during microshearing dissociates into
the 1/6 [1 2 1](1 -1 1) and 1/6 [-1 1 2](1 -1 1) partials (a) Dislocation arrangement prior to
an interaction between the slip system which was active during tensile pre-
deformation (green) and the slip system which is directly stressed during micro-
shear testing (red). (b) Formation of a Lomer-Cottrell lock (black dashed line), for
details see text. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)during microshear testing (50% lower than for the [0 -1 -1] (1 -1
1) slip system). In Fig. 14b, the leading partial dislocations from
the directly loaded microshear slip system (red) and from the slip
system which was active during tensile preloading (green) react
and form a Lomer-Cottrell lock. This reaction represents an
elementary strain hardening process. We zoom out and take a
look at a larger volume, Fig. 15. We no longer worry about
detailed dislocation reactions as discussed in Fig. 14. Instead we
correlate the stress-strain curve in Fig. 15a with underlying
microstructural scenarios in both shear zones which may
potentially occur. The stress-strain curve in Fig. 15a as well as the
microstructural evolution during microshear testing have already
been described in Fig. 6. Microstructural investigations revealed
the presence of ﬁve and three slip bands introduced during
tensile pre-deformation in the left and right shear zone,
respectively. These slip bands are schematically represented us-
ing green planes in Fig. 15b-f. In this scenario the shear zone 1
(left in Fig. 15b) is assumed to be harder than shear zone 2 (right
in Fig. 15b) as suggested by the results shown in Fig. 11. Point b in
Fig. 15a marks the end of the linear elastic regime where a Frank
Read dislocation source starts to operate on the [0 -1 -1] (1 -1 1)
slip system (red plane) in shear zone 2, Fig. 15b. In contrast shear
zone 1 still deforms elastically, Fig. 15b. With increasing stress
from point b to c in Fig. 15a, the dislocation loop nucleated in
shear zone 2 grows and may intersect dislocations which were
introduced during tensile pre-deformation, Fig. 15c. This results
in the formation of Lomer-Cottrell locks which were described in
Fig. 14. As these reaction products represent strong obstacles to
further glide, dislocations pile up against the Lomer-Cottrell locks
(right shear zone in Fig. 15d). This allows to rationalize the work
hardening behavior observed between ty and tSDE, point d in
Fig. 15a. However, at this stage it is worth mentioning that the
right shear zone work hardens while the left shear zone deforms
elastically. As the density of dislocations in the pile up and as
stresses simultaneously increases, pile up dislocations may break
through the Lomer-Cottrell locks and escape at the free surface
where they leave a step. During this event, a load transfer from
the right to the left shear zone occurs and we assume that the
left shear zone yields shortly after the load transfer as shown in
Fig. 15e. We also assume that a similar microstructural evolution
takes place in the left shear zone as in the right shear zone,
namely dislocations are piling up against Lomer-Cottrell locks,
see left shear zone in Fig. 15e. After a critical stress tSDE has been
reached, the pile up dislocations of the left shear zone are
unlocked and reach the free surfaces where they leave a step. At
the same time the dislocations produced by the Frank Read
source in the right shear zone have reached the surface and the
size of this step has increased, compare right shear zone in
Fig. 15e and f. These simultaneous events result in the large
sudden deformation event observed in Fig. 15a between points e
and f.
5. Summary and conclusions
In the present work we investigate the effect of [1 0 0] tensile
pre-deformation of Cu single crystals to total strains of 6.5 and 20%
on subsequent microshear behavior, where a crystallographic shear
system of type [0 -1 -1] (1 -1 1) is directly loaded. From the results
obtained in the present study the following conclusions can be
drawn:
(1) [1 0 0] tensile pre-deformation of Cu single crystals results in
the formation of parallel slip traces corresponding to the
intersection of the (1 1 1) crystallographic plane with the
sample surface. The spacing between the bands exhibits a
Fig. 15. (a) Schematic shear stress-shear strain curve. Five deformation stages (b, c, d, e and f) are marked on the stress-strain curve. (bef) Illustration of microstructural events in a
shear zone during loading. For details see text.
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between 1 and 18 mm. The range of the distribution is nar-
rowed down with increasing pre-deformation (between 1
and 6 mm for 20% pre-strain).
(2) The mechanical behavior associated with microshearing
shows ﬁrst an elastic deformation of the shear zones. Then
microshearing reveals the activation of the [0 -1 -1] (1 -1 -1)
slip system in one of the shear zones when the applied stress
exceeds the yield stress ty while the other zone deforms
elastically. At a critical stress tSDE a sudden deformation
event is observed which corresponds to the simultaneous
activation of the [0 -1 -1] (1 -1 -1) slip system in the two
shear zones.
(3) The critical stress tSDE increases with increasing the average
number of slip bands per shear zone.
(4) As the two shear zones which deform in parallel may be
intersectedbyadifferentnumberof slip bands their respective
yield stresses may differ. This results in a stress transfer from
one softer shear zone (where the [0 -1 -1] (1 -11) slip system
was activated) to the other harder (where this systemwas not
active yet).
(5) The interaction of the dislocations ([1 0 -1] (111) and [1 -1 0]
(1 1 1) slip systems) introduced during tensile pre-
deformation and the [0 -1 -1] (1 -1 1) slip system activated
during microshearing may result into the formation of glis-
sile junctions and Lomer-Cottrell locks, respectively.
(6) In the present work we interpret the occurrence of sudden
deformation events as a result of the breakthrough of piled
up dislocations through Lomer-Cottrell locks.
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Appendix A
Calculation of resolved shear stresses (RSS) which govern
dislocation slip.
A speciﬁc slip system has a glide plane normalm and a Burgers
vector b (vectors given in bold letters). We base our calculations on
a geometry, where slip plane normals m point in the direction of
the tensile axis t, i.e., all scalar products between the slip plane
normal and the tensile direction are positive (m·t > 0). The slip of a
dislocation can shorten or elongate a specimen, depending on
whether b·t < 0 (compressive stress ﬁeld) or b·t > 0 (tensile stress
ﬁeld). In the ﬁrst two columns of Table 1 we list the twelve slip
systems. Slip is activated when the resolved shear stress (RSS)
acting in a slip plane reaches a critical value. This RSS can be
calculated using PeacheKoehler type of expression:
RSS ¼ bkbk$s$m; (A1)
where s is the stress tensor. Specimens always show deviations
from precise crystallographic loading directions, thus a nominal
[1 0 0] direction may have the precise direction [0.99 0.04e0.09]
(determined by EBSD). For uniaxial loading, Equitation A1 is
equivalent to the Schmid law. The Schmid factor SF can beexpressed as
SF ¼ RSS=sa ¼ ðb$tÞ  ðm$tÞ; (A2)
where sa is the applied stress. Using Equitation A2, the resulting SF-
values for the 12 fcc slip systems calculated for a tensile axis t
parallel to [0.99 0.04e0.09] are given in the last column of Table 1
(see main part of text). Table 1 suggests that eight slip systems may
be operating during tensile pre-deformation.
(1 -11) [0 -1 -1] microshear specimens were FIB-machined from
the tensile pre-strained Cu single crystals. For simple shear, the
stress tensor is given by
s ¼
0
@
0 0 0
0 0 t
0 t 0
1
A; (A3)
where t is the applied shear stress. In the following, the shear stress
tensor is calculated in Cartesian coordinates XYZ deﬁned in Fig. 2b
with X, Y and Z parallel to [2 1 -1], [1 -11] and [0 -1 -1], respectively
(coordinate system of a microshear zone). We deﬁne R as the
rotation matrix from this XYZ system into the crystallographic co-
ordinate system [1 0 0], [0 1 0] and [0 0 1]:
R ¼
0
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b and m deﬁned in the crystallographic coordinate system in
Table A1 have to be rotated into the sample coordinate system. For
this geometry, the Peach-Koehler expression is written as:
RSS ¼ RT$ bkbk$s$R
Tm (A5)
RT is the transpose matrix of R. The calculated RSSs (normalized
with respect to the applied shear stress t) are given in Table A1.
According to the results listed in Table A1, the [0 -1 -1] (1 -1 1) slip
system exhibits the largest RSS. The resolved shear stresses in the
slip systems [0 1 -1] (1 1 1) and [0 -1 1] (1 -1 -1) are 33% lower
(second highest values of RSS). The slip systems activated during
the tensile pre-deformation are highlighted with a dark grey
background and the slip system which is the most stressed during
the microshear test is indicated with a light grey background in
Table A1.
Negligible effect of misorientations.
Specimen preparation causes small, inevitable misalignments.
As a result, microshear specimens can be slightly misoriented with
respect to the target orientation deﬁned by the rotation matrix R in
Equitation A4. Moreover, the single crystalline Cu tensile specimens
rotate during tensile pre-deformation. To account for these mis-
orientations, EBSD measurements were carried out prior to shear
loading. The measured crystallographic orientations of the micro-
shear specimens for different pre-strain levels are given in Table A2.
We use these results as input for Equitation A5 and calculate the
normalized RSS for the slip system [0 -1 -1] (1 -1 1), which is most
highly stressed. The results listed in the last column of Table A2
show that the small misorientations do not signiﬁcantly affect the
RSS-values (effect less than 2% of maximum RSS). Therefore it can
be excluded, that the increase of tSDE with increasing tensile pre-
deformation (shown in Figs. 7 and 8) is associated with
misorientations.
Table A1
Analytical calculations of the normalized shear stresses resolved on the twelve slip
systems for the microshear test. The shear plane is parallel to (1 -11) and the shear
direction parallel to [0 -1 -1]. The slip systems which were activated during tensile
pre-deformation are highlighted with a dark grey background while the slip system
which is directly stressed under microshear is highlighted with a light grey
background.
Slip plane Burgers vector RSS/t
(1 1 1) [0 1 1] 0.67
(1 1 1) [1 0 1] 0.17
(1 1 1) [1 1 0] 0.50
(1 1 1) [1 1 0] 0.17
(1 1 1) [0 1 1] 0.67
(1 1 1) [1 0 1] 0.50
(1 1 1) [1 1 0] 0.17
(1 1 1) [0 1 1] 0.33
(1 1 1) [1 0 1] 0.17
(1 1 1) [1 1 0] 0.50
(1 1 1) [1 0 1] 0.50
(1 1 1) [0 1 1] 1.00
Table A2
Crystallographic orientations determined by EBSD of microshear specimens after 0,
6.5 and 20% tensile pre-strains. The coordinate system XYZ of the microshear
specimen is indicated in Fig. 2b. The calculated RSS / t-values for the [0 -1 -1] (1 -11)
slip system are given in the last column.
Pre-strain X Y Z RSS/t
0% [0.71 0.54 -0.46] [0.71 -0.49 0.51] [0.05 -0.68 -0.73] 0.98
6.5% [0.74 0.54 -0.40] [0.67 -0.50 0.55] [0.10 -0.68 -0.73] 0.99
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